The actions of diverse signaling and regulatory factors must be intricately interwoven to ensure the flawless execution of complex developmental processes. Major efforts are ongoing to dissect how such networks are established and remodeled. This is particularly challenging given the large number of variables involved, as a complete inventory of relevant signals/factors is often unavailable. Furthermore, the necessity to consider the dynamics of the underlying mechanisms creates formidable obstacles. With the major progress in dissecting mechanisms underlying hematopoiesis, in which stem cells differentiate into multipotent progenitors, lineage-committed progenitors, and ultimately diverse blood cell types ( Fig. 1 ), this is a particularly attractive system for addressing these issues.
Hematopoiesis is controlled by numerous transcriptional and signaling factors with tightly integrated functions (1) . Foundational studies defined the involvement of members of a family of developmental regulators, the GATA transcription factors (2) (3) (4) (5) (6) . GATA-1, GATA-2, and GATA-3 are termed the hematopoietic GATA factors, based on their important activities to control distinct and overlapping aspects of hematopoiesis (7) . GATA-1 is expressed in erythroid precursors, megakaryocytes, eosinophils, and mast cells, as well as testis (3, 4, (8) (9) (10) . GATA-2 is expressed in hematopoietic stem cells (HSCs) 2 , multipotent hematopoietic progenitors, erythroid precursors, megakaryocytes, eosinophils, and mast cells (11) (12) (13) . Beyond the hematopoietic system, GATA-2 is expressed in differentiated endothelial cells (5, 14) and in specific neurons (15) (16) (17) . GATA-3 is expressed in HSCs, T-lymphocytes, neurons, kidney, and mammary gland. (18) (19) (20) . GATA-4, GATA-5, and GATA-6 are expressed in endoderm-and mesoderm-derived tissues and control such critical processes as heart and lung development (21, 22) . Analogous to their shared and unique biological roles, GATA factors have both common and distinct biochemical attributes.
GATA

Factor-Dependent Transcriptional Control
Foundational Studies -GATA factors have a characteristic dual zinc finger module that is highly conserved among the six mammalian proteins (23) . The C-terminal finger mediates sequence-specific DNA binding (24) (25) (26) , while the N-terminal finger modulates DNA binding and contacts DNA with sequence-specificity in certain contexts (24, 27, 28) (Fig. 2) . The zinc fingers interact with multiple coregulators, which are discussed below. By contrast to the highly conserved fingers, GATA factor N-and C-termini are divergent. The N-and C-termini confer differential stabilities to GATA-1 and GATA-2, with GATA-1 being more stable than GATA-2 2 (29). GATA-1, but not GATA-2, contains sequences within the N-terminus that bind the Retinoblastoma Protein (30) . The GATA-1 Nterminus is differentially required for the control of distinct target genes (31) . Within the GATA-1 N-terminus is a sumoylation site (K137) (32)that facilitates GATA-1-mediated activation and repression of select target genes (33) . However, many questions remain unanswered regarding how the N-and C-termini of different GATA factors function.
The molecular principles underlying GATA factor function have emerged largely from studies of GATA-1 and GATA-2. Pioneering work by Evans and Felsenfeld identified a common DNA motif (WGATAR) present at cisregulatory elements that activate transcription in an erythroid cell-specific manner (2) . These studies laid the foundation for the cloning of GATA-1, the founding member of the GATA factor family (3, 4) . Elegant functional analyses utilizing knockout ES cells and mutant mouse strains unequivocally established a role for GATA-1 in controlling red blood cell, megakaryocyte, mast cell, and eosinophil development (34) (35) (36) (37) (38) (39) (40) (41) . The cloning of GATA-1 ushered in the discovery of additional GATA factor family members.
Coregulator Usage -Having established the GATA factor family and implicated GATA factors as critical regulators of specific developmental processes, a paramount question was whether they function through canonical transcriptional mechanisms, or if their mechanisms differ fundamentally from conventional transcription factors. Yeast two-hybrid screening revealed a cell type-restricted coregulator designated FOG-1, which like GATA-1, is required for erythropoiesis and megakaryopoiesis (42, 43) . Using a novel mammalian suppressor mutation approach, the functional importance of the GATA-1-FOG-1 interaction was established (44) . Even mutation of a single residue (V205) in the GATA-1 N-terminal zinc finger sufficed to reduce FOG-1 binding to GATA-1, and strikingly V205 mutations characterize a human hematopoietic disorder, familial dyserythropoietic anemia and thrombocytopenia (45) . While numerous GATA-1 target genes are activated or repressed via a FOG-1-dependent mechanism (44) , several have been shown to be activated or repressed without FOG-1 (33, 46, 47) .
Although FOG-1 has nine zinc fingers, they have not been shown to have intrinsic DNA binding activity. At least one of their functions is to mediate GATA-1 binding, as four fingers contact the GATA-1 N-finger (48, 49) . FOG-1 facilitates GATA-1 occupancy of a subset of its chromatin target sites (50, 51) and GATA-1-dependent chromatin looping (52) . Since GATA-1-instigated looping requires GATA-1 chromatin occupancy, FOG-1-induced looping may be secondary to its facilitation of GATA-1 chromatin occupancy or may represent a novel pro-looping activity. In aggregate, it appears that GATA-1 utilizes a non-canonical transcriptional mechanism. However, FOG-1 contains an Nterminal sequence that binds the NuRD chromatin remodeling complex (53) , raising the possibility that FOG-1 also functions via a conventional mechanism to mediate recruitment of chromatin remodeling and/or modifying components. Analyses of knockin mice lacking this NuRD binding region indicated its importance for regulating erythropoiesis and megakaryopoiesis (54, 55) . The mutant mice are viable, however, and defects are not as pronounced as those of GATA-1-and FOG-1-null mice. FOG-1 also contains a sequence that binds the corepressor CtBP (56) , which associates with the histone demethylase LSD1 (57) . A knockin mouse bearing a deletion of the CtBP binding sequence lacks a phenotype (58) , although the CtBP interaction was not completely abolished by the mutation (59) . Since FOG-1 translational isoforms differentially bind CtBP (59), a further assessment of the functional importance of this interaction is warranted.
Besides FOG-1 binding, the zinc finger module of GATA-1 binds the histone acetyltransferase CREB Binding Protein (CBP/p300) (60) , which commonly mediates trans-acting factor function (61) , and the Mediator complex subunit MED1 (62) . GATA-1 recruits CBP/p300 (47, 63, 64) , MED1 (65) , and the chromatin remodeler BRG1 (66) to chromatin sites in a context-dependent manner. Unlike FOG-1 binding, the molecular underpinnings of these interactions are unresolved. Studies with BRG1 knockout mice indicate that BRG1 mediates chromatin looping at the β-and α-globin loci and confers maximal transcriptional activity of the adult globin genes (47, (66) (67) (68) . Knockdown studies suggest that MED1 modestly contributes to GATA-1 activity at endogenous loci (65) , while the relative importance of CBP/p300 binding for GATA-1 function in vivo remains unclear.
Negotiating Chromatin -As literally millions of WGATAR motifs reside in complex genomes, this raises the question of whether GATA-1 occupies the majority or minority of these sites in vivo (69) . With the development of ChIP assays to measure GATA-1 and GATA-2 chromatin occupancy, it became clear that only a small subset of the WGATAR motifs (even when evolutionarily conserved) are occupied in cells (70) (71) (72) (73) . Recent genome-wide analyses confirmed that GATA-1 (74-76) and GATA-2 (74) discriminate exquisitely among highly abundant WGATAR motifs in genomes. In erythroid precursor cells, GATA-1 and GATA-2 share many chromatin sites, although GATA-1-and GATA-2-selective sites also exist (74) . GATA-1/2 occupancy sites commonly reside distal to promoters, indicative of a canonical long-range mechanism, although a minority (~10%) of the sites are promoterlocalized (74) . De novo motif finding with GATA-1 genomic datasets led to the refinement of the GATA-1 binding sequence WGATAR to yield
Whereas GATA-1 occupies a significantly greater percentage of these extended vs. WGATAR motifs, the percent of occupied motifs is still low, indicating the importance of parameters distinct from the motif itself.
What additional mechanisms facilitate and/or preclude GATA factor chromatin occupancy? FOG-1 facilitates GATA-1 chromatin occupancy (50, 51) , but this mechanism is only operational at certain sites. Another parameter likely to be important is nearest-neighbor ciselements. Genomic analyses revealed enrichments of several cis-elements at GATA-1 occupancy sites (74, 77) , albeit the sequences lacked strong predictive power.
Finally, the chromatin environment in which GATA motifs reside is almost certainly critical. The epigenetic landscape at GATA-2-occupied and -unoccupied, conserved GATA motifs differs greatly (77) . Di-acetylated H3 and H3-dimeK4 are enriched at occupied sites, while H3-trimeK9 and H3-trimeK27 are often underrepresented.
Unoccupied sites are characterized by high-level H3-trimeK9 or H3-trimeK27 (and occasionally both), and are often devoid of the active marks (77) . Genome-wide comparisons of GATA-1 occupancy and histone marks also revealed distinct patterns at GATA-1-bound versus -unoccupied sites. The distinctive histone marks may be primary determinants of GATA factor occupancy, perhaps through direct interactions with one or more GATA factor complex components. Alternatively, GATA factors may recruit the respective chromatin modifying components that establish and/or maintain the specific patterns. Distinguishing between these possibilities will be essential to understand how GATA factors select chromatin sites.
Integrating GATA Factor Mechanisms Via GATA Switches
GATA Switch Model -Studies of GATA factor mechanisms revealed compelling similarities between the actions of different GATA factors. GATA-1 and GATA-2 bind chromatin sites with high selectivity and share the majority of target sites in the cells studied (64, 71, 73, 74) . Their mode of chromatin recognition appears to be nearly identical, at least based on the precise sequences of the GATA motif at the shared sites, consistent with their highly similar DNA binding domains. As GATA-1 and GATA-2 function redundantly to support the genesis and/or survival of primitive erythroblasts (41) , this is consistent with the finding that both factors share a large cohort of target genes. Furthermore, either the GATA-1 or GATA-2 interaction with FOG-1 is sufficient to support megakaryopoiesis (78) .
In certain contexts, GATA-1 and GATA-2 exert distinct activities. GATA-2 uniquely regulates early hematopoiesis by controlling the genesis and/or survival of HSCs and/or multipotent progenitors (11, 12, 79) . GATA-2, but not GATA-1, knockout hematopoietic precursors are competent to undergo erythroid and myeloid terminal differentiation (12) . In a GATA-1 knockout context in which erythropoiesis is blocked, GATA-2 is upregulated, and this is insufficient to support erythropoiesis (80, 81) . GATA-2, but not GATA-1, is crucial for mast cell development (12) . Based on these differences, it is attractive to propose that GATA-1 and GATA-2 function distinctly in different regulatory milieus. Given the common sharing of target sites, either GATA-1 and GATA-2 function distinctly through common sites, thereby yielding different biological activities, or GATA-1-and GATA-2-selective targets underlie the unique biological outputs.
The concept that GATA factors can function differently through shared chromatin sites emerged from studies on how GATA-1 represses transcription (23, 71) . While GATA-1 and GATA-2 were known to be expressed reciprocally during erythropoiesis (8, 80, 81) , mechanisms underlying these patterns were unclear. We demonstrated that GATA-1 directly represses Gata2 transcription using a complementation assay in the GATA-1-null, proerythroblast-like cell G1E (71). GATA-1-mediated Gata2 repression was associated with GATA-1 occupancy at five dispersed regions of the Gata2 locus (-77, -3.9, -2.8, -1.8, and +9.5 kb relative to the 1S promoter transcription start site), broad histone deacetylation, and RNA Polymerase II expulsion (72, 73, 82) . GATA-2 associates with these identical sites when Gata2 is transcriptionally active. Studies in zebrafish revealed that although GATA-2 is expressed earlier than GATA-1 during embryogenesis, GATA-1 and GATA-2 are expressed in primitive blood precursors (83) . Only loss of GATA-1 induces a fate switch involving conversion of primitive blood precursors into myeloid cells rather than predominant red blood cells (84) . In addition, evidence was provided for GATA-1-specific and GATA-1/GATA-2-shared target genes in this system.
We proposed the GATA switch model, in which GATA-1 displaces GATA-2 from chromatin sites, often (but not always) instigating a distinct transcriptional output (Fig. 3) (23,71,85 ). Of note, we define "GATA switch" as the replacement of one GATA factor by another at a chromatin site and not the loss of expression of a GATA factor concomitant with expression of a distinct GATA factor. This is an important difference, since the expression of specific GATA factors changes during development, and such changes are often measured in cell populations. Thus, a change in GATA factor expression in a cell population may not necessarily reflect a switch in the expression of specific GATA factors in the same cell, and therefore in this scenario, a GATA factor would not have the opportunity to displace a distinct GATA factor from a common chromatin target site. Furthermore, although GATA factor concentrations are certainly important determinants of switches, as noted below, other factors can be critical regulators of the switch in chromatin site occupancy. A change in factor concentration therefore may be insufficient to instigate a bona fide switch at a target gene. GATA switches occur in primary cells and in vivo (55, 86) . Three aspects of this proposed mechanism are of considerable interest. First, GATA factors have the capacity to function differently through identical chromatin sites. Second, since GATA switches occur at genes encoding critical regulators of hematopoiesis (e.g. Gata2), the switches may drive hematopoiesis. Finally, given mutations of GATA-1 and GATA-2 in human leukemias (87, 88) , such alterations may impede GATA switches as a key step in hematologic malignancies.
Molecular Determinants of GATA Switches -In the context of naked DNA, the capacity of a protein to displace another from a common binding site is dictated by well defined biophysical parameters of the binding reactions. However, given the unpredictable influence of chromatin on DNA binding site affinities, the residence of DNA binding components in large multiprotein complexes, and poorly understood forces exerted by the subnuclear environment, defining the biophysical attributes of a displacement reaction, such as a GATA switch, in vivo is fraught with difficulties.
Despite this formidable hurdle, progress has been made in dissecting GATA switch mechanisms.
The initial studies on GATA switches utilized a conditionally active GATA-1 protein containing the estrogen receptor ligand binding domain expressed at a level similar to that of endogenous GATA-1 in erythroleukemia cells and erythroblasts (71, 73) . ER-GATA-1 displacement of GATA-2 from chromatin increases in a graded fashion upon increasing the ligand concentration or time in the presence of a maximally effective ligand concentration. Thus, the ratio of the concentrations of active GATA-1 to GATA-2 is a critical determinant of GATA switches.
Although both GATA-1 and GATA-2 are degraded by the proteasome, GATA-2 is considerably less stable than GATA-1 (t 1/2 = ∼1 h vs >4, respectively) (29) . We reasoned that GATA-2 instability might be an important determinant of the GATA switch. Proteasome inhibitors increase GATA-2 stability, and under these conditions, GATA-1 has less efficacy to displace GATA-2 from chromatin (29) . The proteasome inhibitor opposition to GATA switches may reflect a higher steady-state level of GATA-2, a requirement for rapid GATA-2 turnover to expel it from chromatin, or an indirect influence on another target that controls the GATA switch.
To distinguish among these possibilities, it will be instructive to test whether stabilized GATA-2 mutants are refractory to GATA-1-mediated expulsion from chromatin.
Studies in FOG-1-null hematopoietic precursors expressing endogenous GATA-1 and GATA-2 revealed that expressing ER-GATA-1 ~30-fold higher than endogenous GATA-1 is insufficient to displace GATA-2 from chromatin (51) .
As GATA switches are rescued by expressing FOG-1, FOG-1 promotes GATA switches. This activity might reflect FOG-1 chromatin occupancy facilitator activity, which enhances GATA-1 chromatin occupancy at select sites (51) or its role in mediating GATA-1-dependent chromatin looping (52) . Regardless, FOG-1 is a determinant of GATA switches.
Is the FOG-1 activity to promote GATA switches intrinsic to FOG-1, or does it require associated components, perhaps with specific enzymatic activities? Since FOG-1 co-purifies with the NuRD complex (53), the FOG-1 activity might require NuRD-dependent chromatin remodeling and/or other activities. Knockin mice have been generated in which endogenous FOG-1 was replaced with N-terminal mutants defective in NuRD binding (e.g., FOG-1 R3K5A ) (54, 55) . Although these mice do not precisely phenocopy GATA-1-or FOG-1-null mice, they exhibit defective erythropoiesis and megakaryopoiesis, consistent with impaired GATA-1 function. As GATA-2 expression is elevated in megakaryocytic and erythroid precursors from FOG-1 R3K5A mice, the authors concluded that FOG-1 binding to NuRD is required for GATA switches that repress Gata2 transcription (55) . The biochemical underpinnings of this requirement are unclear, but importantly, the mechanism by which a transacting factor utilizes coregulators to displace a related protein with distinct activities from a chromatin site represents a new paradigm.
In the context of molecular endocrinology, steroidal or non-steroidal small molecule ligands bind to nuclear receptors, inducing a switch in receptor binding to corepressors or coactivators (89) . Though GATA switches are not instigated by ligands, whether GATA switches share common attributes with these ligand-dependent switches requires further investigation. As GATA-1 recruits additional coregulators, including MED1 (62), BRG1 (64, 66) , and CBP/p300 (60), it will be important to determine if the FOG-1-NuRD requirement for GATA switches is unique, or if any coregulator that promotes GATA-1 activity also facilitates GATA switches.
GATA Switches Beyond Red Blood Cell Development
Since multiple GATA factors can be expressed in the same cell type and/or distinct cells in a cell lineage and have a common naked DNA binding specificity, distinct GATA factors may commonly compete for identical chromatin sites. If different GATA factors exert qualitatively or quantitatively distinct activities, this would be analogous to the erythroid GATA switch. Whereas this is largely unexplored, evidence has emerged consistent with GATA switches in mast cells, megakaryocytes, and trophoblasts.
Analogous to the erythroid GATA-1/GATA-2 switch, a similar switch has been described in mast cells (90) . FOG-1 expression in mast cell precursors blocks their maturation into mast cells and reprograms precursors into cells with erythroid, megakaryocytic, and granulocytic phenotypes (90) . Similar to expressing FOG-1 in FOG-1-null erythroid precursors (51), FOG-1 expression in mast cell precursors induces a GATA switch at the Gata2 locus -2.8 kb site (90) . This GATA switch-associated Gata2 repression was proposed to underlie the FOG-1-dependent reprogramming of mast cell precursors.
GATA switches can involve additional GATA factors besides GATA-1 and GATA-2. Evidence for a GATA-2/GATA-3 switch emerged from studies of placental development. GATA-2 and GATA-3 are expressed in trophoblast giant cells and regulate the expression of placental hormones (91) . Though knockouts of either gene individually do not block giant cell differentiation, both factors coordinately regulate genes involved in giant cell differentiation (92, 93) . The GATA-2 knockout exerted a greater inhibitory influence on placental angiogenesis vs. the GATA-3 knockout, highlighting quantitative differences in their activities to control angiogenesis. Studies in a cultured trophoblast cell line indicate that GATA-2 and GATA-3 can also exert qualitatively distinct functions (91) . In trophoblast precursors, GATA-3 occupies two regulatory regions of the Gata2 locus, -3.9 and +9.5 kb relative to the promoter, which correlates with Gata2 repression (91) . In a differentiation-dependent manner, GATA-2 displaces GATA-3, which is linked to Gata2 transcriptional activation. Thus, analogous to the erythroid GATA switch, GATA-2 occupancy appears to reflect positive autoregulation, whereas distinct GATA factors functioning through GATA switch sites confer repression (GATA-1 and GATA-3 in erythroid cells and trophoblast percursors, respectively). GATA-3, followed by GATA-2, expression has also been observed during the ontogeny of the allantois (94) , although the functional implications of this expression pattern are unclear.
Whereas there are compelling examples of cells expressing multiple GATA factors, additional work is required to assess whether GATA switches occur in these systems. GATA-2,3,4,6 are expressed in human hepatocytes (95) . GATA-3 represses Epo expression in murine hepatocytes, while GATA-4 induces Epo expression in human hepatocytes (95) . It was proposed that GATA-4 functions through the Epo promoter in fetal hepatocytes to activate transcription, and the lack of GATA-4 in adult hepatocytes and/or the function of GATA-2,3 might confer repression in the adult. By contrast to these qualitatively distinct activities, GATA-4 and GATA-6 function cooperatively to induce expression of cardiac genes in cardiomyocytes (96) .
Endothelial cells express multiple GATA factors, and GATA-3 is implicated in activating transcription of Tie2 (97) , which encodes a tyrosine kinase receptor for the angiopoietin-1 ligand (98) . The activation mechanism involves GATA-3 binding to sites within the 5' untranslated region. GATA-2 has been implicated as a mediator of mechanosignaling-dependent angiogenesis, and this is associated with induction of VEGFR2 transcription (99) . Elucidating the dynamics of GATA factor expression and chromatin occupancy in endothelial cells in vivo will provide important insights into the role of GATA switches in controlling angiogenesis and other critical endothelial cell-dependent processes.
Perspective
The further dissection of GATA switch mechanisms has potential to yield critical mechanistic, biological, and pathophysiological insights. Key unresolved issues include: 1) Since different GATA factors can exert qualitatively distinct functions through an identical chromatin site, what molecular attributes underlie the unique identities of individual GATA factor family members? 2) While GATA factor concentrations, FOG-1, and proteasome-sensitive factor(s) control GATA switches, how important are these and other parameters in vivo? 3) What are the functional consequences of GATA switches at endogenous loci in vivo? While cis-element functionality is commonly inferred based on transfection and transgenic studies, it is critical to assess function at their endogenous chromosomal sites. Using a cis-element knockout approach, we demonstrated that the Gata2 -1.8 kb site is selectively required to maintain repression in latestage erythroblasts in vivo (100). This conclusion would not have emerged from other modes of functional analysis. 4) Since GATA switches occur at a host of important regulatory genes, do GATA switches dominantly establish and/or orchestrate genetic networks that drive developmental processes? 5) Do GATA switches occur synchronously upon achieving the requisite concentration of a given GATA factor or asynchronously over a spectrum of GATA factor concentrations, dependent on the chromosomal environment and subnuclear neighborhood in vivo? 6) As noted above, GATA switches occur in distinct cellular contexts, raising the question what is the spectrum of GATA switch-dependent developmental processes, and does incorporating GATA switches into a developmental regulatory mechanism endow it with unique regulatory properties? 7) Although we have discussed binary GATA switches, since more than two GATA factors can be expressed in certain cell types, in principle, complex iterations of GATA switches may involve greater than two factors. Do ternary or even higher-order GATA switches occur? 8) GATA-1 and GATA-2 function distinctly through certain common chromatin sites, raising the question to what extent do GATA switches induce qualitative differences in the transcriptional and biological outputs? 9) Can the GATA switch concept be generalized to other transcription factor families, including the highly related Ets and/or Krüppel-like transcription factors? As exemplified by the shear number and broad scope of these unresolved issues, future efforts will almost certainly yield a rich set of discoveries that impact upon many fields.
increase or decrease FOG-1 activity and/or alter FOG-1 levels control GATA switches, but this possibility has not yet been experimentally tested. 
